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Fragmentation reactions of "Li
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We examine the effect of the spatial correlation between the valence neutrons in "Li on the cross sec-
tion for ("Li, Li) reactions on different targets at 800 MeV/nucleon. The correlation suppresses the nu-
clear part of the cross section slightly but it strongly enhances the Coulomb part compared to an in-
dependent particle description. Agreement with measurement is significantly improved.

PACS number(s): 25.70.Mn, 24.10.—i

An important test of theoretical models of the extreme-
ly loosely bound nucleus "Li is the fragmentation cross
section, in particular, the breakup reaction "Li
~ Li+2n. The first measurements [1] revealed a
surprisingly large cross section for reactions on a lead
target, and a substantial part was attributed to Coulomb
dissociation. This implies a large dipole strength at very
low excitations, and a large theoretical effort has been de-
voted, in recent years, to explaining and accounting for
the necessary strength.

In previous publications we developed a semiquantita-
tive three-body model for "Li, assuming it consists of
two valence neutrons interacting with each other and
with an inert Li core, to study the ground state [2] and
the dipole response [3]. The model predicts a weak bind-
ing and a strong dipole response of the valence neutrons
quite close to threshold. However, in order to make com-
parisons with fragmentation data, it is also necessary to
determine the nuclear part of the reactions, preferably
within the same model that is used to calculate the dipole
response.

In this Brief Report, we present calculations of the nu-
clear part of the fragmentation at 800 MeV/nucleon.
The high beam energy is an advantage since the nuclear
interaction with the target nucleus can be described in an
eikonal approximation as an absorption, with a strength
determined by the free nucleon-nucleon cross sections.
We have previously applied such a model [4] to calculate
the nuclear fragmentation of "Li, assuming that the two
valence neutrons are independent particles. Here we use
the same "diffractive" eikonal model that we used in Ref.
[4] to describe the nuclear absorption, but we shall as-
sume that the two valence neutrons are bound in the
correlated ground state %,(r&, rz), which we determined
in Ref. [2] from our three-body model. We showed there
that the correlations enhance the Coulomb excitation
cross section, but the nuclear fragmentation should be de-
creased by the correlations. The reason is that the nu-
clear mechanism is the absorption of the neutrons by the

I

target. A second neutron is less effective at producing
additional absorption if it is in the immediate vicinity of
the first one, since the areas of target interaction would
overlap.

Our calculation is based on the eikonal formula for the
probability that the two valence neutrons remain in their
ground state. The probability is calculated as a function
of impact parameter b (with respect to a target nucleus)
as

where r, =(r;~,z, ), i =1,2, are the positions of the two
neutrons and y is the usual eikonal phase,

y„(b)=—f [o„„p&(r)+o„~pr(r)]dz . (2)

The eikonal distortion factor is expressed as

e " = gF& (b, r)Y&„(r) .
A, )M

The probability amplitude is then given by

(4)

Here pz~ are the target neutron and proton densities and
r =b +z . We take nucleon-nucleon cross sections as in
Ref. [4], 0„„=0~~=47 mb and 0„~=38.5 mb. The tar-
get densities were obtained by a simple scaling of the
charge distributions measured in elastic electron scatter-
ing [5].

We calculate the overlap in Eq. (1) using the LS repre-
sentation of the two-neutron wave function (which has
1=0) and making a multipole expansion of the eikonal
distortion factor. Thus we write the wave function

0, 1

Vs, (r&, r2)= g gP~ (r&, r2)[[YI(r, )YI(rz)]I S)]J=o .
L=S 1

0, 1

(%'g, ~e
" e " ~%, ) = g g g A (LSl, 12')f dr, dr2$& (r, , r2)F~„(b, r, )F& „(b,rz)g~ (r, , r2),

L =S Il l~ kP

(5)
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with

(2li+1)(2L+1)' ll z
A (LSl, 12K, ) =5L s( —1) (t,OZO~I, O&'» L4m 2 1

In order to ca1cu1ate the two-neutron removal cross
section, we note that "Li has only one bound state,
whereas ' Li is unbound. The nuclear part of this cross
section is therefore

o 2„=fd b[1 —P„,~(b}]P„„(b),

where P„„is the probability that all the core nucleons
remain in their ground state. This probability is also cal-
culated in the eikonal approximation as described in Ref.
[4], and we assume for simplicity that the core nucleons
can be described as independent particles bound in the
single-particle potential (4.1) of Ref. [2]. Similarly, the
nuclear part of the interaction cross section is

o =fd b[1—P„„(b)P„„(b)].

The results of the calculations described above are
shown in Fig. 1 by the dashed curves (Nucl. ), which is an
interpolation between numerical results obtained for tar-
gets of Be, ' C, Al, Cu, ' Sn, and Pb. Also shown
is the Coulomb dissociation cross section for the two-
neutron removal channel, which was obtained from the
correlated dipole response of the valence neutrons as de-
scribed in Ref. [3]. The sum of the Coulomb and nuclear
contributions to the two-neutron removal cross section
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(lower fully drawn curve) is seen to reproduce the trend
of the data from Ref. [1]very well. The total interaction
cross section (upper fully drawn curve} includes the nu-
clear part [Eq. (8)] and the two Coulomb parts associated
with dipo1e excitatmns of the va1eace aeutroas- and the
Li core, which we have calculated as two independent

modes of excitation.
It is interesting to compare these results with what one

obtains from an independent particle description of the
valence neutrons. Here we shall compare with the
independent-particle model described in Ref. [2], which
was adjusted to reproduce the one-neutron density we ob-
tained in the three-body model. The advantage of com-
paring these two models is that any differences in the re-
sults can be attributed to the effect of the spatial correla-
tion between the valence neutrons. The two results are
compared in Table I for a lead target. We only show the
results for the two-neutron removal channel, since it is
more sensitive to the correlation between the valence
neutrons. The interaction cross section, on the other
hand, is dominated by the breakup of the core, which we
assume to be the same in the two models. It is seen that
nuclear part is only slightly suppressed in the three-body
model compared with the independent particle model,
whereas the Coulomb part is strongly enhanced. The
enhancement of the latter is discussed in detail in Ref. [3]
in terms of the sum rule for the total dipole strength,
which clearly shows the effect of the spatial correlation.
The total two-neutron removal cross sections obtained
from the three-body model are consistent with the mea-
surements. The independent-particle model, on the other
hand, underpredicts the data for a heavy target, where
the Coulomb dissociation plays an important role.

There are several uncertainties in the calculations. The
neutron density of the target may actually be slightly
higher in the surface region than we have estimated, in
particular for a heavy target. Medium effects on the
nucleon-nucleon interaction are expected to be small at
SOO MeV/nucleon. In order to get a feeling for the sensi-
tivity, we repeated the calculations, reducing the
nucleon-nucleon cross sections by 10%%uo. This reduced the
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FIG. 1. Interaction cross sections (o.l) and two-neutron re-
moval cross sections (cr 2„) for "Li at 800 MeV/nucleon as a
function of the target mass. The data are from Ref. [1]. The
contributions from nuclear breakup are shown by the dashed
lines (Nucl. ). Also sho~ is the contribution from Coulomb dis-
sociation (Coul. ) to the two-neutron removal.

Model (mb) (mb) CT2„(mb)

IPM
3BM

Experiment

606
562

519
798

1125
1360

1310+100

TABLE I. Comparison of the two-neutron removal cross sec-
tions of "Li at 800 MeV/nucleon on a lead target obtained in
the independent-particle model (IPM) and from the three-body
model (3BM). The first two columns show the contributions
from nuclear and Coulomb breakup, respectively, and the third
column is the sum. The last column also shows the measured
value [1].
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nuclear part of the two-neutron removal cross section by
4% for the lightest target and only 1.4% for the lead tar-
get. Let us also mention that calculations of nuclear frag-
mentation sometimes include a finite-range interaction.
An example is given in Ref. [6], where the finite-range
effect enhances interaction cross sections typically by
about 10%.

Our results are also sensitive to the description of the
Li core. The model we have used is described in Sec. 4.1

of Ref. [2]. It gives a Li interaction cross section of 875
mb for a carbon target and a rms radius of 2.68 fm.
These values are significantly larger than the measured
cross section of 796+6 mb [7] and the rms radius of
2. 32+0.02 fm, which was extracted in Ref. [8]. Let us
mention that if we adjust our model to reproduce this ex-
tracted rms radius we do indeed reproduce the measured
interaction cross section for Li. The associated two-
neutron removal cross section for "Li on a carbon target
is actually in much better agreement with the measure-
ment, but the total interaction cross section is now small-
er than the measured value.

We do not find it imperative to improve our model of
the core at this point, considering all the uncertainties in-
volved. Among them we note that the difference
o.l —0 z„ from the "Li measurements on carbon is
840+14 mb [1], which is somewhat larger than the mea-
sured interaction cross section for Li. The deviation
may suggest that the core of "Li is slightly different from
a free Li nucleus. A better overall fit to the "Li data
(both o 2„and err) is obtained by adjusting the rms radius
of the Li core to 2.52 fm. Combined with the rms radius

of the valence neutrons, which in our model' is 5.84 fm,
we obtain an overall rms radius of 3.38 fm for "Li. This
is only 8% larger than the value 3.12+0.16 fm, which
was extracted in Ref. [8] from the fragmentation data us-

ing a Glauber-type calculation and harmonic-oscillator
wave functions.

There is also some uncertainty in nuclear structure of
"Li. Our model [2] predicts a two-neutron separation
energy S2„of0.2 MeV when the Li-n Hamiltonian is ad-
justed to produce a p»2 resonance at 0.8 MeV. Recent
measurements [9] imply a slightly higher value for S2„of
0.34+0.05 MeV, and the location of the neutron reso-
nance in 'OLi is also disputed (see, for example, Ref. [10]).
We have therefore repeated the calculations with a p, &2

neutron resonance located at 0.72 MeV. This
modification increases the calculated value of S2„ to the
recently measured value of 0.34 MeV. The associated
two-neutron removal cross sections are now 20% smaller
than the three measurements (on C, Cu, and Pb targets).
Clearly, it is important to know the structure of ' Li
more accurately since it is an important constraint on
three-body models such as ours and that of Ref. [10].
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'Note that in all our calculations we ignore center-of-mass
corrections to shell-model wave functions.

[1]T. Kobayashi et a/. , Phys. Lett. B 232, 51 (1989).
[2] G. F. Bertsch and H. Esbensen, Ann. Phys. (N.Y.) 209,

372 (1991).
[3] H. Esbensen and G. F. Bertsch, Nucl. Phys. A542, 310

(1992).
[4] G. Bertsch, H. Esbensen, and A. Sustich, Phys. Rev. C 42,

758 (1990).
[5] C. W. deJager et a/. , At. Data Nucl. Data Tables 14, 479

(].974).
[6] G. F. Bertsch, B.A. Brown, and H. Sagawa, Phys. Rev. C

39, 1154 (1989).
[7] I. Tanihata et a/. , Phys. Rev. Lett. 55, 2676 (1985).
[8] I. Tanihata et a/. , Phys. Lett. B 206, 592 (1988).
[9]T. Kobayashi, Nucl. Phys. A538, 343c (1992).

[10]J. M. Bang and I. J. Thompson, Phys. Lett. B 279, 201
(1992).


